Studies of replicative and chronological lifespan in Saccharomyces cerevisiae have advanced understanding of longevity in all eukaryotes. Chronological lifespan in this species is defined as the agedependent viability of nondividing cells. To date this parameter has only been estimated under calorie restriction, mimicked by starvation. Because postmitotic cells in higher eukaryotes often do not starve, we developed a model yeast system to study cells as they age in the absence of calorie restriction. Yeast cells were encapsulated in a matrix consisting of calcium alginate to form ∼3 mm beads that were packed into bioreactors and fed ad libitum. Under these conditions cells ceased to divide, became heat shock and zymolyase resistant, yet retained high fermentative capacity. Over the course of 17 d, immobilized yeast cells maintained >95% viability, whereas the viability of starving, freely suspended (planktonic) cells decreased to <10%. Immobilized cells exhibited a stable pattern of gene expression that differed markedly from growing or starving planktonic cells, highly expressing genes in glycolysis, cell wall remodeling, and stress resistance, but decreasing transcription of genes in the tricarboxylic acid cycle, and genes that regulate the cell cycle, including master cyclins CDC28 and CLN1. Stress resistance transcription factor MSN4 and its upstream effector RIM15 are conspicuously up-regulated in the immobilized state, and an immobilized rim15 knockout strain fails to exhibit the long-lived, growth-arrested phenotype, suggesting that altered regulation of the Rim15-mediated nutrient-sensing pathway plays an important role in extending yeast chronological lifespan under calorie-unrestricted conditions. cell longevity | Ca-alginate encapsulation U nicellular microbes senesce and die (for reviews, see refs.
Studies of replicative and chronological lifespan in Saccharomyces cerevisiae have advanced understanding of longevity in all eukaryotes. Chronological lifespan in this species is defined as the agedependent viability of nondividing cells. To date this parameter has only been estimated under calorie restriction, mimicked by starvation. Because postmitotic cells in higher eukaryotes often do not starve, we developed a model yeast system to study cells as they age in the absence of calorie restriction. Yeast cells were encapsulated in a matrix consisting of calcium alginate to form ∼3 mm beads that were packed into bioreactors and fed ad libitum. Under these conditions cells ceased to divide, became heat shock and zymolyase resistant, yet retained high fermentative capacity. Over the course of 17 d, immobilized yeast cells maintained >95% viability, whereas the viability of starving, freely suspended (planktonic) cells decreased to <10%. Immobilized cells exhibited a stable pattern of gene expression that differed markedly from growing or starving planktonic cells, highly expressing genes in glycolysis, cell wall remodeling, and stress resistance, but decreasing transcription of genes in the tricarboxylic acid cycle, and genes that regulate the cell cycle, including master cyclins CDC28 and CLN1. Stress resistance transcription factor MSN4 and its upstream effector RIM15 are conspicuously up-regulated in the immobilized state, and an immobilized rim15 knockout strain fails to exhibit the long-lived, growth-arrested phenotype, suggesting that altered regulation of the Rim15-mediated nutrient-sensing pathway plays an important role in extending yeast chronological lifespan under calorie-unrestricted conditions. cell longevity | Ca-alginate encapsulation U nicellular microbes senesce and die (for reviews, see refs. 1, 2) and can therefore be used as models to study the genetic control of lifespan in their multicellular relatives. Bakers' yeast cells have a replicative lifespan (RLS), the number of times a mother cell undergoes mitosis (3) , and a chronological lifespan (CLS), the length of time a nondividing cell remains alive (4) . Under standard conditions, wild and laboratory yeast exhibit characteristic and highly variable RLS (5) and CLS (6) , indicating that each trait has a genetic component. Indeed, we now know that genes such as SIR2, CYR1, and the protein kinase SCH9 influence yeast RLS and that each has a functional homolog in higher eukaryotes (7) . Although yeast CLS has been reported to vary over a fourfold range among wild and laboratory strains (6) , to date estimates of this parameter have been based on starvation as a means to keep cells from dividing. Perhaps not surprisingly, this approach has identified genes acting in stress-response pathways as regulators of cell lifespan, notably TPK and BCY1, which together encode cAMP-dependent protein kinase TOR, which encodes targetof-rapamycin protein kinase and SCH9 (4, (8) (9) (10) . One virtue of the apparent need for this approach is that calorie restriction (CR) promotes longevity in all species studied (11) .
However, many terminally differentiated metazoan cell types rarely starve and some, such as neurons, can consume a disproportionate share of an animal's lifetime energy budget (12) . Therefore, it is imperative to develop a different yeast model to study CLS, one in which nutrients are plentiful, but cell division ceases and metabolism remains highly active. Such a model would enable yeast to better serve as a surrogate for postmitotic cells in higher eukaryotes, including humans. To model CLS under nutrient-replete conditions, we eschewed the traditional approach of culturing yeast as free-floating, planktonic cells in liquid media, in favor of encapsulating cells in a matrix made of calcium alginate. We reasoned that such a matrix would more nearly approximate the physical milieu typically experienced by postmitotic metazoan cells. Previous studies have shown that relative to planktonic cells, encapsulated (i.e., immobilized) yeast exhibits increased glycolytic flux but greatly diminished production of biomass (13) . These observations led us to investigate the possibility that encapsulated yeast could be used as a tool to study CLS in the absence of CR.
Immobilized yeast has been used for decades in brewing and bioethanol production (14, 15) , and indeed virtually all studies of immobilized yeast have been aimed at optimizing its use in industrial processes. However, to the best of our knowledge, no study to date has brought the tools of functional genomics to bear on understanding the mechanism(s) by which metabolism might be uncoupled from reproduction in such cells, much less the consequences of this uncoupling for yeast's life history. Here, for the first time according to the authors, we compare global Significance All cells age and do so in relation to how many times a cell divides (replicative aging) and how long a nondividing cell can live (chronological aging). Bakers' yeast has been used to study both, but because yeast divides when nutrient levels permit, the genetics of its chronological lifespan has only been studied under calorie restriction, mimicked by starvation. Because many terminally differentiated animal cells are long-lived and rarely starve, we developed a model of cell lifespan under calorie-unrestricted conditions. When encapsulated and fed ad libitum, yeast goes into cell cycle arrest, continues to be metabolically active, and remains viable for weeks, offering a new experimental paradigm to study chronological lifespan in the absence of calorie restriction.
gene expression of immobilized yeast to that of planktonic cells, from the perspective of yeast chronological aging. We find that nondividing yeast encapsulated in a permeable matrix and fed ad libitum resembles in key respects postmitotic metazoan cells (16, 17) , offering an alternative paradigm for studying mechanisms that control CLS in all eukaryotes.
Results
To provide context for transcriptional profiling, we first compared the population structure and physiology of well-fed immobilized yeast to that of planktonic yeast growing at different rates and nutrient levels. In batch culture, log-phase planktonic cells experience excess nutrients and divide rapidly, whereas stationaryphase cells experience progressive nutrient depletion and ultimately undergo cell cycle arrest; in a chemostat, planktonic cells are nutrient-limited and divide at a rate fixed by the dilution rate (18) . Yeast was cultured in Synthetic Minimal (SM) medium (19) using glucose as the sole carbon source in batch, in chemostats, and in immobilized cell reactors (ICRs) (for reactor schematic and photo, see Fig. S1 A and B ) and packed into ICRs underwent multiple cell divisions in the first 72 h of culture, forming microcolonies (Fig. S1D) . Thereafter, mean cell density remained constant at ∼10 8 cells·bead −1
. To discern replicative age structure in planktonic and immobilized populations, budding and bud scar indices were estimated. After 5 d, immobilized yeast populations had fourfold fewer budded cells than planktonic yeast in batch culture (4.3% vs. 17.2%) (Fig. S3A) . At that time, a majority (∼70%) of the immobilized populations consisted of virgin, unbudded cells, and even older mothers having >2 bud scars were unbudded (Fig. S3B) , further indicating that immobilized yeast proliferates only during the first few days of culture, then ceases to divide.
Nondividing, Well-Fed Yeast Shows No Loss in Viability During
Prolonged ICR Culture. Yeast CLS is conventionally reported as the survivorship of nondividing cells in extended batch culture, estimated by their reproductive potential-that is, their ability to form colonies when transferred to solid medium (8) . Planktonic cells in glucose-limited chemostats divide as a function of dilution rate (18) , and under these conditions yeast showed >95% survivorship. In discontinuous batch culture, yeast quickly lost viability (Fig. 1A) : after 5 d of anaerobic batch culture in SM medium, only 27% of cells could form colonies, and by day 10 and day 17, only 16% and ∼0.1% could do so, respectively. When yeast was batch-cultured under aerobic conditions, the decline in survivorship began ∼5 d later because these yeast could respire fermentation products following exhaustion of glucose. After 17 d, however, only ∼5% of cells in aerobic SM cultures could still produce colonies on solid medium, a value consistent with previous reports (20) (21) (22) . By contrast, >95% of immobilized yeast remained reproductively competent over a 17-d experimental time course (Fig. 1A) , indicating that division-arrested, metabolically active yeast cells are chronologically long-lived.
To compare cell cycle status and DNA integrity in immobilized and planktonic yeast, we stained cells with SYTOX Green and performed flow cytometry (23) . SYTOX fluorescence intensity is a direct measure of cellular DNA content and thus can be used to track progress through the cell cycle. Consistent with budding index data, some planktonic yeast in anaerobic batch culture were still dividing at day 5, as is evident from the second histogram peak corresponding to gap 2 (G2) in the cell cycle ( Fig. 2A) . The overall leftward shift in fluorescence intensity in starving planktonic populations (e.g., Fig. 2A , 17-d) may be evidence of DNA degradation (24) ; indeed, it has been argued that such cells become apoptotic (25) . By contrast, flow cytometry confirmed that immobilized yeast fed ad libitum ceased replicating by day 5, was in G1-like arrest, and was not apoptotic (Fig. 2B ).
Nondividing Immobilized Yeast Exhibits High Fermentative Capacity and Hyperaccumulates Glycogen. Even though ICR yeast ceased dividing, extracellular glucose and ethanol concentrations continuously changed throughout each experiment (Fig. S2B) , indicating that these cells continued to be metabolically highly active. As the glucose concentration fell only briefly below 5 g·L −1 and the ethanol concentration never exceeded 50 g·L ) was greater than that of log-phase planktonic cells (0.396 ± 0.007 g·g −1 ) (ANOVA, P < 0.05), whereas biomass yield on glucose was much less (0.006 ± 0.005 g dry wt ·g −1 vs. 0.027 ± 0.001 g dry wt ·g
−1
). Ethanol productivity per gram of cell biomass was therefore nearly fivefold greater in immobilized than in planktonic cells, consistent with previous reports of very high glycolytic flux in immobilized yeast (26) . Thus, although immobilized well-fed yeast ceases to divide, it retains high fermentative capacity.
Plentiful glycogen provides yeast with survival and reproductive advantages (27) . Indeed, CLS has been dramatically extended in starving planktonic cells by periodically exposing them to glucose concentrations that are sufficient to replenish glycogen reserves, but insufficient to support reproduction (28) . Glycogen content in immobilized yeast (Fig. 1B) greatly exceeded that observed in either starving planktonic cells or in planktonic cells grown anaerobically in glucose-limited chemostats. Glycogen levels rose from 0.7 mg of glucose equivalents per gram of dry wt at day 1 to 4 mg of glucose equivalents at day 17, a >fivefold change. The steep increase in cells' glycogen content commenced after day 3, the point at which immobilized yeast ceased to divide (Fig. 2B) , suggesting that these cells reallocate resources to storage that would otherwise be directed toward growth and reproduction. No comparable increase was detected in yeast's other major storage carbohydrate, trehalose, whose increase under aerobic conditions reportedly protects calorie-restricted planktonic cells from oxidative damage (29) .
In summary, population, physiological, and cytometric data demonstrate that metabolism and reproduction are uncoupled in encapsulated, continuously fed yeast and that such cells remain viable for extended periods of time, features reminiscent of many types of postmitotic metazoan cells.
Patterns of Gene Expression in Immobilized Yeast Markedly Differ
from Those in Planktonic Yeast. To better understand how ICR yeast uncouples metabolism from reproduction and remains viable in prolonged culture, we performed microarray analysis using the Affymetrix platform. GeneSpring was first used to analyze transcript levels in immobilized cells and planktonic cells grown either in chemostat or in batch culture, the latter harvested at midlog and stationary phases. Overall, 4,308 of 5,804 genes assayed were found to be differentially expressed (Fig.  S4A ). Considering only immobilized yeast, 2,375 transcripts were differentially expressed, although most of these differences could be attributed to using stationary-phase planktonic cells for encapsulation. Immobilized yeast at day 0 was indistinguishable from stationary-phase yeast for >90% of transcripts assayed. Day 10 immobilized cells were harvested just before the medium was replenished, which did not change the sign of but rather exaggerated expression changes seen after day 3. Pairwise volcano plot comparisons showed that only 79 genes varied by more than twofold over the course of 2 wk of continuous immobilized culture (Fig. S4B ). Over this interval, immobilized yeast consumed ∼1.2 kg of glucose with little or no cell division.
Next, the GeneSpring dataset was imported into GenMapp and criteria set to uncover genes differentially expressed by twofold or greater between immobilized cells and any of the planktonic states. Day 0 immobilized cells were excluded from GenMapp analyses, as their profile was essentially identical to that of planktonic stationary-phase yeast, as were day 1 immobilized cells, which were still dividing. GenMapp data were overlayed onto Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps for glycolysis, the tricarboxylic acid (TCA) cycle, and the yeast cell cycle. Consistent with observations that continuously fed immobilized yeast is highly fermentative, anaerobic, and not dividing (30), we found that many glycolytic genes, such as HXK2, PFK2, and PGK, were expressed highly, whereas TCA cycle genes, such as CIT1 and ACO1, were expressed at low levels ( Fig. 3A) . Strikingly, multiple genes whose products help drive transitions between G1, S, and G2 phases of the cell cycle were down-regulated relative to every planktonic state assayed ( Fig. 3B and the full KEGG cell cycle pathway in Fig. S5 ). Low transcript levels of cyclin CLN1 and master cyclin-dependent kinase CDC28 were consistent with flow cytometric and demographic analyses indicating that immobilized yeast is in a state of G1-like arrest.
Two-class SAM reveals immobilization-specific changes in gene expression.
A two-class Significance Analysis of Microarrays (SAM) (31) was undertaken by grouping batch-log, batch-stationary, and chemostat expression data into a single planktonic group, then comparing their expression profiles to that of an immobilized group consisting of days 1 through 17. Although planktonic cells in chemostat, batch-log, and batch-stationary cultures obviously differ in their nutritional states, growth rates, and gene expression profiles (Fig.  S4A ), comparing their aggregated expression patterns to those of immobilized cells uncovered classes of genes whose altered regulation could be attributed to immobilization per se. SAM identified 379 significantly up-regulated and 204 down-regulated genes in immobilized relative to planktonic yeast (Table S1 ). To discern its dominant features, the two-class SAM dataset was further interrogated by K-means clustering and by Gene Ontology (GO) analysis using Database for Annotation, Visualization, and Integrated Discovery (DAVID). K-means clustering indicates that immobilizing yeast favors cell wall remodeling, anaerobic fermentation, and cell cycle arrest. Among genes up-regulated in immobilized but not in planktonic cells, K-means clustering associated genes whose products act in spore wall assembly (Fig. S6A) , whose products localize to the cell membrane (Fig S6B) , and that lie near telomeres (Fig. S6C) . Conspicuously up-regulated are subtelomeric loci in the PAU seripauperin gene family, whose functions are unknown, and subtelomeric loci in the TIR cell wall mannoprotein gene family; both families have been described as being activated during anaerobic alcoholic fermentation (32, 33) . Down-regulated clusters illuminate how immobilization uncouples reproduction from metabolism. One cluster (Fig. S6D ) consisted of genes in nucleotide and amino acid synthesis, and the cell cycle, notably SWI5, a transcription factor that controls genes expressed at the M/G1 boundary and in late G1 (34) . Another (Fig. S6E) included genes that act in DNA replication, chromosome segregation, and the spindle checkpoint, among them the forkhead family transcription factor, FKH1, which plays a key role in cell cycle progression at G2/M (35) . We also observed down-regulation of RAS1 (Fig. S6E) , a G protein essential for cell proliferation linked to the PKA-activating adenylate cyclase pathway (36) . A third cluster of down-regulated transcripts (Fig. S6F) included those whose products play essential roles in iron assimilation and metabolism and in cytokinesis (e.g., HOF1, UTR2) (37, 38) .
GO analysis further confirms that immobilized yeast remodels its cell wall, up-regulates glycolysis, and ceases to divide. The two-class SAM dataset was further analyzed using DAVID, which clusters functionally similar GO terms into groups ranked by enrichment scores, with a score >1.3 being considered statistically significant (39) . This procedure uncovered seven gene clusters that were significantly up-regulated in immobilized but not in planktonic yeast-cell wall (enrichment score, 6.3), cell membrane (3.5), spore wall (3.4), sporulation (2.5), zinc-finger proteins (2.0), GPI anchor (1.8), and thiamine biosynthesis (1.8)-as well as three clusters that were significantly down-regulated-cell cycle (2.0), chromosome segregation (1.6), and ribosome biogenesis (1.3) (Table S2) .
Of 50 genes up-regulated in the cell wall ( Fig. 4A ) and spore wall (Fig. S7) clusters, 24 are involved in cell wall biogenesis. Altered expression of so many cell wall remodeling transcripts suggests that immobilization induces the Cell Wall Integrity (CWI) pathway. In this regard, RPI1 up-regulation in immobilized but not in planktonic cells is especially noteworthy (Fig.  S7C ). Rpi1 acts as an antagonist to the RAS-cAMP pathway and prepares yeast for entry into the stationary phase by inducing transcription of genes whose products fortify the cell wall (40) . The TIR and DAN gene families, which encode cell wall mannoproteins and are induced under anaerobic conditions (41), were conspicuously up-regulated in ICRs. However, as planktonic yeast was also cultured under anaerobic conditions, and TIR and DAN genes were only up-regulated in immobilized cells, these genes must be specifically induced in response to being encapsulated and maintained in ICRs.
Dramatically increased expression of essential genes in ascospore biogenesis was observed in immobilized, but not in planktonic, yeast (Fig. 4A ). These included SPR1 and SPS22, whose products are required to synthesize the spore wall's β-glucan layer (42); SPR3 and SPO19, which respectively encode meiosisspecific septin and prospore proteins (43) ; and CRR1, a glucoside hydrolase essential for spore wall assembly. Induction of these genes indicated overlap between the transcriptional programs of well-fed, nondividing vegetative cells and spores. Indeed, most genes belonging to the sporulation cluster (Fig. 4B ) encode spore membrane and spore wall proteins-for example, OSW1-which is required for construction of the outer spore wall. The overexpression in immobilized haploid yeast of genes involved in spore formation was unexpected, as our strain carries mutations in HO and MAT that prevent mating-type switching. Moreover, flow cytometry showed that ICR yeast remained haploid; thus, mating, diploidization, and meiosis did not occur en masse in ICRs. However, the sporulation cluster also showed that immobilized yeast had elevated transcript levels for MSN4 and RIM15 that encode, respectively, a stress-responsive transcription factor and a glucose-repressible protein kinase required for nutrient signaling, especially during the onset of the stationary phase. RIM15 was originally identified in a genetic screen for mutants having a reduced ability to undergo meiosis (44) , and was later shown to transiently induce early meiotic genes (45) . Thus, RIM15 up-regulation may help explain induction of certain meiotic genes in well-fed, nondividing haploid yeast.
Zinc-finger proteins formed another GO cluster (Fig. S7B) , members of which include MSN4, which acts in concert with MSN2 to activate transcription of stress-resistance genes (46) . Significantly, the cytoplasmic-to-nuclear translocation of MSN2/ MSN4 gene products depends not only on stress and on PKA (47) but also on Rim15 (48) . Although TPK/BCY1 was not upregulated in immobilized yeast, both RIM15 and MSN4 were (Fig. 4B) , showing that immobilization per se activates these key stress response regulators (46, 49) . Two other zinc-finger proteins in this cluster, NRG2 and MIG2, are transcription factors that negatively regulate expression of glucose-repressible genes. Up-regulation of NRG2, MIG2, and MIG3 in immobilized cells (Fig. S7B) likely reflects high glucose levels in their external milieu. Immobilization was also correlated with increased expression of transcription factor TYE7 (Table S1 ). Although not a zinc-finger protein, TYE7 binds E-boxes of glycolytic genes and contributes to their activation (50) . Thus, its differential expression helps to explain elevated levels of ENO2, PGK1, and GPM1 (Fig. 3A) , whose products help support immobilized yeast's high rate of fermentation. Another gene of interest in the zinc-finger cluster is YPR015C, which encodes a protein of unknown function whose overexpression leads to cell cycle delay or arrest (51) . Increased expression of YPR015C may be yet another factor contributing to cell cycle arrest in highly fermentative ICR yeast.
Consistent with other analyses, cell cycle ( Fig. S8A ) and chromosome segregation (Fig. S8B) clusters were both down-regulated in immobilized yeast, including genes such as HOF1 and BUD4, which encode structural proteins required for axial budding (52) , and ACE2, which encodes a transcription factor required for cytokinesis (53) . Expression of 22 genes related to ribosome biogenesis (Fig. S8C) was decreased in immobilized relative to planktonic yeast. As ribosomal gene expression is directly proportional to growth rate (54), low transcript levels here may result from G1-like arrest (54) .
To validate our microarray results, we performed quantitative reverse-transcription PCR (qRT-PCR) to assay transcript levels for three key regulatory genes (RIM15, MSN4, and TYE7) and one constitutively expressed gene, ACT1, which encodes the structural protein actin. qRT-PCR results for all three regulatory genes, normalized to ACT1 expression, were consistent with array results, with correlation coefficients ranging from 0.68 to 0.93. If anything, microarray results tended to underestimate the magnitude of change in expression (Fig. S9 ).
Immobilized Yeast Is Thermotolerant and Zymolyase Resistant. To test whether up-regulation of cell wall remodeling genes (e.g., CRR1 and RPI1) and stress response regulators (e.g., RIM15 and MSN4) made immobilized yeast more stress resistant than planktonic yeast, we tested its susceptibility to heat shock and zymolyase digestion. Thermal tolerance is often used as a proxy for stress resistance (55) , which in yeast has been associated with CLS extension (56) . Rapidly proliferating log-phase yeast is known to be more heat-shock sensitive than either growtharrested (57) or slowly dividing yeast (58) . We therefore compared the thermotolerance of cells either confined to or released from their calcium-alginate matrix to planktonic cells in the log or stationary phase by exposing each to 48°C for 2 h (Fig. 5A ). Immobilized and stationary-phase planktonic yeasts were significantly more heat-shock tolerant than planktonic yeast in the log phase (P = 0.00964 and P = 0.00637, respectively, by twotailed t test). Thermal tolerance in immobilized cells was due not only to their physiological status, but also to the presence of the alginate matrix, as evidenced by the intermediate survivorship of cells released from beads.
Yeast thermal tolerance is strongly correlated with changes in cell wall structure that occur in planktonic cells following sporulation or entry into the stationary phase (57) . To test whether immobilized yeast underwent similar changes in cell wall structure, as suggested by its increased transcription of cell wall and sporulation genes, we assayed its resistance to zymolyase (Fig.  5B) , a glucanase-protease suspension that enables the state and integrity of the yeast cell wall to be assessed qualitatively. As expected (59), midlog-phase planktonic cells were most susceptible, lysing at a higher rate (V max = -11.7) and to a greater extent over the experimental time course. Late stationary planktonic and day 5 immobilized yeast lysed at similar rates (V max = -5.49 and -5.81, respectively) and to the same extent. Immobilized cells were much more susceptible to zymolyase digestion on days 1 and 3, when they were still dividing, than on days 5, 10, and 17, when they were not.
Rim15 Helps Mediate Cell Cycle Arrest in Immobilized Yeast. Immobilized yeast undergoes cell cycle arrest in the presence of excess nutrients. Because RIM15 was up-regulated in immobilized but not in planktonic cells, because RIM15 can play a role in cell cycle arrest, because multiple nutrient-sensing pathways converge on Rim15p (48), and because it promotes chronological longevity in calorie-restricted yeast (8, 10), we hypothesized that this master regulator played a key role in uncoupling metabolism from reproduction. To test this hypothesis, we immobilized a rim15Δ strain and cultured it in ICRs for 5 d under the same conditions as wild type. Flow cytometry of DNA content revealed that unlike wild type, rim15Δ cells exhibit a pronounced G2 peak at later time points, indicating that they continued to divide (Fig.  6) . Moreover, at day 5, only ∼25% of the rim15Δ cells were viable, compared with >90% of immobilized wild-type cells. We therefore conclude that RIM15 helps mediate cell cycle arrest and stress resistance in well-fed immobilized yeast, attributes that contribute to its extraordinary chronological longevity. Discussion CLS in yeast is measured as the survivorship of nondividing cells over time. Because yeast usually grows and divides when nutrients permit, to date CLS has only been estimated under starvation or severely nutrient-limited conditions (9, 22, 60) . Thus, the CLS of division-arrested yeast under nutrient-replete conditions is completely unknown. Here, we describe a model system where calcium alginate-encapsulated yeast are placed in bioreactors and fed ad libitum. Under these calorie-unrestricted conditions, yeast ceases to divide, remains metabolically active, and exhibits no decline in viability over the course of 2 wk of continuous culture. Our findings are consistent with earlier studies suggesting that immobilized cells might be stress-resistant (61, 62) and long-lived (63) . Furthermore, survivorship of nondividing immobilized yeast exceeds that reported for calorie-restricted cells, even that of several mutants known to prolong CLS (10, 64) .
Growth-Arrested Immobilized Yeast Is Highly Fermentative. Because immobilized yeast vigorously ferments glucose during prolonged culture, it has been used for ethanol production, reportedly attaining, relative to planktonic cells, >10-fold increases in volumetric ethanol productivity at high substrate concentrations (65) . However, whereas high glycolytic flux typically triggers expression of genes required to pass through G1 (66) , immobilized fermentative yeast does not respond to this signal. Indeed, RAS1, which encodes a component of the RAS/cAMP/PKA glucosesignaling pathway, is down-regulated in immobilized relative to planktonic cells, and the gene encoding the transcriptional regulator Rpi1, which acts antagonistically to RAS/cAMP/PKA, is up-regulated (Fig. S6E and Fig. S7C ). Because RPI1 also regulates the CWI pathway, helping to prepare cells for entry into the stationary phase (40) , elevated expression of this gene in highly fermentative ICR yeast may contribute to its heat-shock-and zymolyase-resistant phenotype.
In starved batch cultures, yeast CLS depends on respiration, not fermentation (67), as long-lived quiescent cells respire nonfermentable carbon that arises from autophagous nonquiescent cells (68) . Immobilized yeast under calorie-unrestricted conditions exhibits long CLS in the absence of respiration, which is precluded in ICRs by glucose repression and low O 2 tension. Interestingly, long-lived, planktonic tor, sch9, and ras mutants exhibit a metabolic shift away from respiration toward fermentation and increase glycerol production (69) . Although encapsulated well-fed yeast is also fermentative and produces glycerol, our experiments were performed using wild-type cells under calorie-unrestricted conditions, not planktonic mutants under severe CR. Finally, immobilized fermentative yeast also produces acetate, which has been implicated in causing planktonic yeast to senesce under standard conditions (70) . However, in ICR experiments, the "acetate effect" does not come into play, as the medium is exchanged frequently and its pH is controlled at 5.5.
Why Does Immobilized Yeast Cease Reproducing in the Presence of
Excess Nutrients? Possible causes for cell cycle arrest in ICR yeast include the following: copious CO 2 production (71), ethanol toxicity (72), substrate and product mass transfer limitations, contact inhibition within cell aggregates, and/or hyperbaric stress arising from expansion of microcolonies into an imperfectly elastic bead matrix. We tested the possibility that copious CO 2 production caused cell cycle arrest by culturing planktonic cells in medium sparged with CO 2 ; these cells exhibited no evidence of growth arrest. Concerning ethanol, this metabolite varies cyclically in ICRs, but because the feed is replaced at least every 48 h, its concentration never exceeds 50 g·L
, well below the threshold reported to cause growth arrest in fed-batch systems (80-100 g·L −1 ) (72). Mass transfer limitations are unlikely to cause growth arrest given the bead composition and geometry, as well as the high rate of ICR void volume exchange. Calculations using diffusivity values for glucose and ethanol through alginate indicate there should be no mass transfer limitations in beads <3.5 mm in diameter (73) . In this regard, it is noteworthy that the biomass-specific rate of ethanol production by immobilized cells is several-fold greater than that of log-phase planktonic cells, and this high fermentation rate is maintained for the duration of the experiments. Concerning possible contact inhibition, immobilized cells highly express genes in the FLO family of cell wall glycoproteins (Fig. 4A and Table S1 ). Because FLO adhesion proteins are involved in cell aggregation and stress resistance (74) , their increased expression may facilitate microcolony formation in the alginate matrix, a feature that may favor increased glycolytic flux (75) . Indeed, scanning electron microscopy provides evidence for the existence of such structures (Fig.  S1D) , wherein yet-to-be discovered quorum sensing pathway(s) may help transduce information about local cell density into signals that mediate growth arrest.
Growth Arrest and Longevity in Immobilized Yeast May Be Related to
Differential Expression of RIM15. Even though the ultimate cause for cell cycle arrest in encapsulated cells remains elusive, our data indicate that key signal(s) may be transduced via Rim15. Relative to planktonic cells, immobilized wild-type yeast highly express this gene and its downstream target MSN4. Unlike wild type, immobilized rim15Δ cells continue to divide and exhibit much lower viability under nutrient-sufficient conditions. RIM15 encodes a glucose-repressible serine-threonine protein kinase that acts in signal transduction pathways responding to depletion of extracellular carbon, nitrogen, and phosphorus. Originally identified as a regulator of IME2, which stimulates early meiotic gene expression (and which is also up-regulated in ICRs) (45), RIM15 is crucial to the establishment of the stationary phase, especially the quiescent G0 state (76) . Multiple nutrient-sensing pathways (TOR, SCH9, RAS/PKA) converge on Rim15, which in turn positively regulates stress-resistance transcription factors Msn2/Msn4 and Gis1 (48). Loss of RIM15 results in a pleiotropic phenotype that fails to enter the stationary phase; poorly accumulates trehalose and glycogen; derepresses HSP12, HSP26, and SSA3; and cannot induce either thermotolerance or starvation resistance (77) .
Whereas previous work has shown how RIM15 is induced when nutrients are lacking, in ICR yeast we see RIM15 and its downstream target MSN4 induced when nutrients are abundant. If, as some suggest, Rim15 is activated by glucose uptake kinetics rather than by absolute glucose levels (76), then periodic variation in extracellular glucose in ICRs may help explain RIM15's unexpected pattern of expression. Alternatively, Rim15 up-regulation under nutrient-sufficient conditions may result from signal decoupling in one or more of the nutrient sensor kinase pathways, a hypothesis that can be tested by assaying the phosphorylation status of kinases such as PKA, Sch9, the Pho80-Pho85 complex, as well as that of Rim15 itself. RIM15 confers thermal and oxidative stress resistance on calorie-restricted, chronologically long-lived planktonic yeast (10, 77) . And indeed, the beneficial effects of CR on CLS can be negated either by deletion of RIM15 or by deletion of MSN2/MSN4 (10). Thus, experimental conditions that promote RIM15 overexpression could be expected to increase stress resistance and extend CLS. Well-fed encapsulated rim15Δ cells exhibit greatly reduced survivorship relative to that of encapsulated wild-type cells (25% vs. >90%). In fact, survivorship of encapsulated rim15Δ mutants is comparable to that of starved planktonic rim15Δ mutants in extended batch culture (20%) (77) . Reduced viability of the deletion strain may be attributed to its inability to completely arrest, which leads to replicative stress (24, 78) , and/or to diminished stress resistance, which is essential for stationary-phase survival. Given that RIM15 is highly expressed in encapsulated but not in planktonic yeast, and given that encapsulated wild-type but not rim15Δ cells cease to reproduce and show extended CLS, we conclude that differential expression of RIM15 facilitates cell cycle arrest and increases stress resistance in immobilized yeast.
Glycogen Accumulation May Help Extend CLS in Immobilized Yeast. In high-glucose medium, respiratory-deficient strains accumulate glycogen and mobilize it upon glucose depletion (79) . Although ICR cells are not glucose-limited, they are effectively respiratorydeficient due to anoxic reactor conditions, which helps to explain why they hyperaccumulate glycogen. Also, because loss of RIM15 prevents stationary-phase cells from accumulating glycogen (77) , overexpression of RIM15 in immobilized cells may favor glycogen accumulation. The role that reserve storage carbohydrates play in chronological cell aging remains controversial. Although some (80) view their accumulation as a hallmark feature of senescence, others (28) have argued that periodic replenishment of glycogen reserves can dramatically extend yeast CLS. Our findings are consistent with the latter hypothesis.
Other Conditions Where Reproduction Is Uncoupled from Metabolism in Yeast. Uncoupling of reproduction from metabolism has been observed in planktonic yeast during high-glucose, aerobic, fedbatch bioethanol fermentation (72) . Here, uncoupling is attributed to ethanol (above an 80-100 g·L −1 threshold), which impairs ethanol-sensitive nutrient transporters, including those for glucose and ammonium. In effect, transporter inhibition prevents nutrient acquisition. While encapsulated, continuously fed yeast also uncouples reproduction from metabolism, the underlying cause is unlikely related to ethanol stress, as its medium is frequently exchanged so that ethanol never exceeds 50 g·L . Further, only 45% of "ethanol-uncoupled" planktonic cells remain viable compared with immobilized cells, which are essentially all viable even after being "uncoupled" for ∼2 wk (81) . Expression profiling reveals that ethanol-uncoupled yeast up-regulates SNF1, ADR1, ASP3-1, and ASP2-1, indicating that, unlike the yeast in our study, these cells are sugar-and nitrogen-limited (81) . Finally, in ethanoluncoupled cells, genes involved in ribosomal biogenesis are upregulated, whereas genes involved in cell wall remodeling are down-regulated. We observe exactly the opposite in immobilized cells; thus, the mechanisms that cause uncoupling in these two systems must be fundamentally different.
After planktonic cells exhaust glucose in the medium, they differentiate into several subtypes, one of which is quiescent. Quiescent cells consist primarily of daughter cells that have never budded, possess high stress tolerance, and retain high viability during prolonged periods of starvation (82) . These cells seem poised to resume growth when resupplied with nutrients. Thus, quiescent cells in certain respects resemble encapsulated cells. However, whereas quiescent yeast meets minimum energy requirements via respiration, encapsulated yeast is highly fermentative. Both quiescent and encapsulated cell types possess certain characteristics of metazoan cells, with quiescent cells being similar to stem cells (82) and wellfed encapsulated cells being similar to postmitotic cells that are terminally differentiated.
Metabolic uncoupling occurs in yeast colonies growing on solid media, and does so in a manner that leaves older colonies stratified with respect to cell types that differ in activity and longevity (83) . Similar to immobilized yeast, upper colony or "U-cells" are long-lived, resist stress, and accumulate glycogen. Also, like immobilized cells, but unlike quiescent cells, U-cell respiratory metabolism is down-regulated. U-cells up-regulate not only glycolysis but also pathways related to amino acid metabolism that enable them to survive on resources released by the lysis of lower "L-cells." TOR pathway up-regulation in U-cells, but not in well-fed immobilized cells, indicates that the former are nutrient-limited whereas the latter are not.
Finally, yeast uncouples metabolism from reproduction when cultured in retentostats. In this system, planktonic cells are physically confined to a bioreactor operated under continuous glucose limitation at near-zero dilution rates (60, 84) ; such cells show exceptional longevity (∼80% viability after 2 wk). Significantly, although ICR yeast is metabolically very active and retentostat yeast is not, and although the expression profiles underlying these two states differ in certain respects, both hyperaccumulate glycogen but not trehalose and both highly express RIM15. Thus, these two systems could provide complementary approaches to study division-arrested yeast CLS in the presence and in the absence of CR. To date, all studies of yeast CLS have focused on postmitotic viability under starvation (22) or near-starvation conditions (60) . Although yeast CLS is held to mimic that of postmitotic metazoan cells (85) , such cells are rarely calorie-restricted and many remain metabolically active throughout an animal's lifetime. Terminally differentiated cells such as neurons and muscle arrest in G1 and uncouple metabolism from reproduction in the presence of ample nutrients. Differentiated myotubes show dramatic loss of core factors in their transcriptional machinery, which results in large-scale silencing of genes that control cell proliferation and cell cycle progression (86) . Ideally, to model the lifespan of such cells, yeast should be studied under calorieunrestricted conditions. In practice, this has been difficult to achieve as yeast divides when nutrient levels permit. Here we have shown that well-fed yeast confined within a matrix shuts down transcription of genes that drive the cell cycle, even as it continues to perform glycolysis at near maximal rates. Because reproduction is uncoupled from metabolism, resources that would otherwise be allocated to growth and cell division are redirected to storage and maintenance, a shift in yeast's life history that greatly extends its CLS. In fact, how long a nondividing yeast cell can live under nutrient-replete conditions remains an open question. ICRs therefore offer an alternative experimental paradigm for investigating yeast CLS in the absence of CR, one that will yield fresh insights into the mechanisms that control cell lifespan in higher eukaryotes, including humans.
Materials and Methods
Strains and Culture Media. Saccharomyces cerevisiae BY4722 (MATα leu2Δ ura3Δ0) was obtained from the American Type Culture Collection (ATCC No. 200884); a MAT-a leu2Δ0 ura3Δ0 rim15Δ derivative congenic to BY4730 was obtained from Open Biosystems. Culture media used in ICR, batch, and chemostat studies was the SM medium described by Verduyn et al. (19) , modified for anaerobic culture. Because previous studies (21, 87) had shown that starvation for auxotrophic requirements accelerates cell aging, these were provided in fivefold excess to planktonic cells. As the medium feeding ICRs was regularly replenished, auxotrophic requirements were provided there at recommended concentrations (88) . Details of routine strain storage and maintenance are described in SI Materials and Methods.
Preparation of Alginate Encapsulated Cells. Early stationary yeast was encapsulated in high-viscosity sodium alginate to form ∼3 mm beads, as described in SI Materials and Methods. Beads were hardened by incubation in fresh, sterile 0.5 M CaCl 2 , then packed to a volume of 100 mL in a custom-built ICR.
Structural and Operational Features of the ICR. A schematic of the ICR used in this study is shown in Fig. S1A . The Pyrex glass reactor column had a radius of 2.7 cm and a working length of 40 cm. Overall, the apparatus was similar to that described by ref. 89 , modified by placing an in-line cell trap to remove planktonic cells arising from ruptured beads, and a stainless-steel piston at the base to permit bed recompression following sampling. Operational features are described in detail in SI Materials and Methods.
Planktonic Cell Studies. Planktonic cells were cultured in either batch or chemostat mode using an ATR SixFors fermentation apparatus (ATR Biotechnologies) with the reactor working volume set at 300 mL Anaerobic conditions were maintained by sparging cultures with sterile-filtered, humidified N 2 . Batch cultures were initiated with 2 g·L −1 glucose; chemostat cultivation was carried out at 9 g·L −1 glucose with the dilution rate, D, fixed at 0.15 h Metabolite Determinations. Glucose and ethanol were determined either using a YSI 2700 analyzer (YSI Corp.) or, spectrophotometrically, using R-BIOPHARM enzyme kits (no. 716251 and no. 176290). Glycogen and trehalose were determined as described in ref. 91 .
Resistance to Heat Shock and Zymolyase Digestion. Thermotolerance was assayed as the change in cell survivorship over the course of a 2 h incubation at 48°C, estimated as CFUs on YEPD agar. Susceptibility of the yeast cell wall to zymolyase digestion was assayed by the method of Ovalle et al. (92) , but scaled for a 96-well format, as described in SI Materials and Methods.
Flow Cytometric Analysis of DNA Content and Integrity. Cell cycle status and DNA integrity were assessed in planktonic yeast and immobilized yeast released from calcium alginate by staining ethanol-fixed cells with SYTOX Green and performing flow cytometry as previously described (23) . Flow cytometric data were processed using FSC Express software (De Novo Software).
RNA Isolation. Total RNA was isolated from planktonic cells using the hot acid phenol method (93) and from immobilized cells using a protocol developed in our laboratory and described in ref. 94 , then analyzed by UV spectroscopy and Bioanalyser 2100 (Agilent Technologies).
Microarray Hybridization and Scanning. Microarray analysis was performed using Yeast GenomeChip 2.0 arrays (AFFYMETRIX Inc.), using standard methods described in SI Materials and Methods. Microarray data have been deposited in the Gene Expression Omnibus repository under accession no. GSE21187.
GeneSpring Analysis. Microarray data were first analyzed using GeneSpring software version 7.3, as described in SI Materials and Methods. A scatterplot of robust microarray-normalized (95) expression data was generated from biological replicates sampled on days 1, 3, 5, and 10 from ICRs. Analysis of this dataset showed that replicates from the same time point had Pearson correlation coefficients ranging from 0.85 to 0.98 (Mean = 0.92, SE = 0.0085). Minimal deviation was observed from the diagonal identity line among replicates, further indicating that our array results are highly reproducible (94).
GenMapp Analysis. The set of statistically significant genes identified using GeneSpring 7.3 was imported into GenMapp software (GenMapp Version 2.1, Gladstone Institute, University of California, San Francisco) and criteria fixed to identify genes differentially expressed by a twofold-change threshold between immobilized cells and any planktonic state. Expression data for ICR yeast on day 0 and day 1 were excluded from this analysis, as day 0 transcript levels were indistinguishable from those of planktonic stationary-phase cells used for encapsulation and day 1 cells were still dividing. GenMapp data were overlayed onto KEGG pathway maps (96) for glycolysis, the TCA cycle, and the yeast cell cycle (97) . SAM was performed using TIGR (MEV) TM4 software based on ref.
31. An unpaired two-class SAM analysis was adopted to identify genes differentially expressed between the planktonic and immobilized states. Additional details are provided in SI Materials and Methods.
Functional Enrichment. Significant genes were subjected to GO term analysis and functional enrichment clustering using the DAVID software, available as a web application (http://david.abcc.ncifcrf.gov/) (39, 98) . As DAVID does not support yeast systematic names found at the Saccharomyces Genome Database (www.yeastgenome.org), Entrez GeneIDs were retrieved for significant genes and the analysis carried out using Entrez GeneIDs. qRT-PCR was performed on RIM15, MSN4, TYE7, and ACT1 using the BioRad MyiQ RealTime PCR System (Biorad), using primers and conditions described in SI Materials and Methods.
